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ABSTRACT

Assessment of the Mixing State and Cloud Nucleating Efficiency of Asian Aerosols
Using Aircraft-Based Measurements of Hygroscopicity. (May 2006)
Timothy William Thomas, B.S., State University of New York at Oswego

Chair of Advisory Committee: Dr. Don Collins

Global warming theories continue to overestimate their predictions of increased
mean global temperatures (Hudson 1991). This would imply that some other influence
is counteracting the global warming influences; i.e. a cooling effect. Cloud albedo
characteristics are currently being researched to determine the impact clouds have on the
net cooling of the atmosphere in relation to the global warming theory. These
characteristics are influenced by the type, size, composition, and abundance of aerosol
particles that act as cloud condensation nuclei. This study employs Tandem Differential
Mobility Analyzer (TDMA) data collected in the vicinity of Japan during the Asian
Aerosol Characterization Experiment (ACE-Asia) to investigate the influence of aerosol
concentration and composition on the light scattering properties of clouds.
Measurements of particle size (Dp), particle growth factor (GF), and relative humidity
(RH) yield critical supersaturations (Sc) with the assumption that the soluble part of the
particle is composed primarily of one substance. This indirect composition analysis
allows us to determine whether the aerosol was internally mixed (particles have uniform

composition and yield a single-peak distribution or similar growth factors) or externally
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mixed (different particles have different compositions yielding multiple peaks in the
distribution). Through the use of calculated supersaturations, we can gain insight into
cloud droplet activation properties of the samples for various aerosol types, which
ultimately allows us to look at the influence of these particles on albedo characteristics

of clouds formed by these particles.
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1. INTRODUCTION

The study of aerosols and their effects on atmospheric processes (like cloud
activation, cloud droplet formation, droplet growth, and light scattering properties)
continues to gain more interest as the magnitudes of these effects are identified. The
need for understanding aerosol properties also continues to increase due to phenomena
like climate change and regional air pollution. Only through vast research efforts will
we be able to quantify the magnitude of the effects aerosols have on these phenomena
and identify possible solutions. Aerosol research studies aimed at investigating
influences on cloud properties typically focus on aerosol particles in the sub-micrometer
range since these dominate the concentration of those particles, called cloud
condensation nuclei, that can activate to form cloud droplets. Although larger particles
are typically too dilute to influence cloud microphysics, they may alter the Earth’s
radiation budget directly through scattering and absorption of sunlight.

Cloud condensation nuclei (CCN) concentrations are typically measured by
exposing an aerosol to a controlled supersaturation and then counting those particles that
grow to cloud droplet size. Although this is a direct measure of CCN, it does not permit
rapid characterization of the spectrum of critical supersaturations within an aerosol

population. The approach taken here uses measurement of hygroscopic growth under

This thesis follows the style of Monthly Weather Review.



subsaturated conditions to infer critical supersaturation. Specifically, the ratio of the
hydrated size of a particle to its dry size (growth factor or GF) is combined with Kohler
Theory to predict activation properties.

A common approach to analyzing and/or modeling aerosols is to assume that
aerosol particles are perfectly round spheres composed of an insoluble core surrounded
by a uniform substance, generally a salt solution (Svenningsson et al. 1992). However,
studies have shown that individual aerosol particles are composed of multiple species
(Quinn et al. 2000, Raymond & Pandis 2003), and are often non-spherical (Crouzet and
Marlow 1995). The justification for the simplification has been the assumption that the
effects of irregular shape and non-uniform composition are negligible. However,
Svenningson et al. (1992) have shown that these effects do have a significant role in
determining cloud droplet activation properties for particles on the order of a micron in
size. In addition, Crouzet & Marlow (1995) showed that curvature effects associated
with adhering primary particles may alter equilibrium vapor pressure sufficiently to
enable activation of less soluble non-spherical particles at atmospheric supersaturations.
These studies further demonstrate the importance of aerosol irregularities.

Quinn et al. (2000) used data from the first and second Aerosol Characterization
Experiments (ACE-1 and ACE-2) to study aerosol chemical and optical properties,
where not only did they find impacts on albedo by continental sources when the air
sampled traversed over land areas, but they also found continental influences during
marine flow episodes. Collins et al. (2000) also collected data during ACE-2 and

categorized the boundary layer aerosols as either continentally-influenced or maritime,



and the free tropospheric aerosols based on dust loading. Hudson (1991), Twomey
(1991), Facchini et al. (1999) and Ackerman et al. (2000) also linked CCN attributed to
anthropogenic sources to radiation effects, also referred to as ‘indirect aerosol effects’.
The common conclusion from these studies is that this effect on cloud albedo is
counteracting global warming, which would help to explain the shortfall of previous
projected global temperature increases (Hudson 1991).

One of the current methods for sampling submicrometer particles is humidified
tandem differential mobility analysis (HTDMA). An HTDMA system (see Figure 3) is
comprised of two differential mobility analyzers (DMA’s) linked in series with an RH-
controlled interface between them. Each DMA separates particles as a function of their
electrical mobility. This process begins with passing a dried polydisperse aerosol
sample through the first DMA, which is set to collect a specific dry particle size. This
yields a quasi-monodisperse aerosol at the exit of the first DMA, where the aerosol can
either be directed to the condensation nucleus counter (CNC), where the particles are
counted as a quasi-monodisperse sample, or the aerosol can be directed through a nafion
tube bundle with a prescribed RH. This exposes the quasi-monodisperse aerosol to a
humidified environment where the hygroscopic aerosol particles experience hygroscopic
growth and the hydrophobic particles will not. The result is a polydisperse aerosol as a
function of hygroscopicity that is then passed through the second DMA, which scans
across the sizes by ramping the voltage up and then down to complete one scan. As the

DMA scans, the exiting aerosol is passed to the CNC and then exits the system. The



growth factor of the particles can then be determined using the ratio of the humidified
particle size to the dry particle size.

Previous studies have used this technique to study hygroscopic properties of
aerosol particles (Swietlicki et al. 2000) and to estimate critical supersaturation of quasi-
monodisperse, dry particles (Brechtel and Kreidenweis 2000a; Brechtel and Kreidenweis
2000b). Both of these studies by Brechtel and Kreidenweis used direct measurements of
aerosol hygroscopicity to infer cloud droplet activation properties. Inferred CCN
concentrations can then be used in the analysis of differential changes in cloud droplet
concentrations causing changes in cloud albedo (Twomey 1991) and the effects of
aerosols on cloud albedo (Toon et al. 2000).

This study employs Tandem Differential Mobility Analyzer (TDMA) data
collected in the vicinity of Japan during the Asian Aerosol Characterization Experiment
(ACE-Asia) to investigate the influence of aerosol concentration and composition on the
optical properties of clouds. Measurements of particle size (Dp), particle growth factor
(GF), and relative humidity (RH) yield critical supersaturations (Sc) with the assumption
that the soluble portion of the particle is composed entirely of one substance. This
indirect composition analysis also allows us to infer the mixing state of the aerosol.

An internally mixed aerosol contains particles that have uniform composition
while an externally mixed aerosol contains multiple particle types, each of which is
composed of a single component (See Figure 1). Various atmospheric properties, such
as the scattering and absorption efficiencies of the aerosol, are sensitive to the aerosol

mixing state. According to Seinfeld and Pandis (1998), if the two mixing states for an



aerosol containing soot and (NH4),SO, are considered, the external mixture has a higher
scattering coefficient and the internal mixture has a higher absorption coefficient.
Growth factor distributions clearly reflect size-dependent mixing state when hygroscopic
and hydrophobic components are present. Through the use of calculated
supersaturations, cloud droplet activation properties of the samples for various aerosol

types, and the influences of these particles on cloud albedo, can be acquired.



2. RESEARCH METHOD AND PROCEDURE
2.1. Kohler Theory
In this study, Kohler Theory is used to extrapolate measurements of
hygroscopicity under subsaturated conditions to particle activation properties. The
Kohler Equation combines the Kelvin Effect (which describes an increase in vapor
pressure over a droplet relative to that over a flat surface) and the solute effect (which
describes a decrease in vapor pressure over a solution droplet relative to that over pure

water). The following form of the Kohler Equation is used:
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where Pw(Dp) is the water vapor pressure over a solution droplet of diameter Dp, po is the
water vapor pressure over a flat surface, M,, is the molecular weight of water, o, is the
surface tension of the air-solution interface, R is the universal gas constant, 7T is the

absolute temperature, p,, is the water density, %, is the activity coefficient of water in the

solution, n, represents the number of moles of solute, and v, and v, are the molar

volumes of the water and salt species, respectively. The empirical polynomial
coefficients from Tang and Munkelwitz (1994), Tang (1996), and Tang et al. (1997) are
used to calculate water activity and solution density of the various inorganic compounds
considered. These values are given in Table 1. With these empirical coefficients,

activity, a,, is related to solute weight percent, x', through
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and solution density, d, is calculated in a similar manner using

d=0.9971+> A x' 3)
where C;and A; are the corresponding polynomial coefficients from Table 1.
For dilute solutions,

n, v, << %DZ )
and the volume of the solute can be neglected. This approximation leads to the final

form of the equation used:
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Iterative solution of this equation for the compounds in Table 1 (see Figure 2), is
used to create data tables containing the critical supersaturations corresponding to a
given RH, and GF for particles with dry diameters, Dp, of 0.040 um, 0.059 wm, 0.086
pm, 0.126 pm, 0.186 wm, 0.273 um, and 0.400 wm. In creating these tables, particles
that are composed of an inorganic part (i.e. hygroscopic salts) and a hydrophobic part
(i.e. dust) are considered first. Using Kohler Theory, critical supersaturations are
produced for the observed range in hygroscopicity. For small growth factors, all of the
species included in Table 1 are considered; as the growth factor increases, only the
subset of the species (while in their pure state) capable of resulting in the specified
growth factor are considered. This can potentially constrain the composition from the

observed growth of the particles.



2.2. Calculation of Critical Supersaturations

Critical supersaturations are calculated for those mixtures that are capable of
representing the hygroscopic growth are compiled into three data tables: One with the
maximum possible critical supersaturations, one with the minimum possible critical
supersaturations, and one with the average supersaturation of mixtures containing the
subset of compounds for which the pure-inorganic hygroscopicity exceeded that
measured (see Tables 2 through 4). This yields data tables for all the possible critical
supersaturations for each dry particle size, for a given growth factor ranging from 1 to
2.5, consistent with the species considered and the RH employed with values ranging
from 80% to 96%. These data tables are used in conjunction with the aerosol data
acquired during ACE-Asia to create distributions of differential number concentration
versus critical supersaturation (dN/dlogSc vs. Sc). Linear interpolation onto uniformly
spaced critical supersaturation bins is performed in order to compare distributions.
2.3. Data and Instrumentation

The data used for this study were collected using the system depicted in Figure 3.
This system was mounted on the Center for Interdisciplinary Remotely Piloted Aircraft
Studies (CIRPAS) twin otter aircraft used during the Aerosol Characterization
Experiment-Asia (ACE-Asia) during April and May of 2001. Traverses were taken in
the vicinity of, and areas south of, Japan. The measurements were classified into three
groups based on sampling altitude: Below 300 m, between 300 m and 2000 m, and
above 2000 m (see Table 5). The data are grouped in this manner to isolate the

properties of the boundary layer aerosol (<300 m), the free tropospheric aerosol



(> 2000 m), and the frequent pollution layer aerosol that resided in between these
extremes. The main components of the sampling system used include two Aerosol
Dynamics, Inc. High Flow DMAs, two Nafion tubes, a condensation particle counter
(CPC), and a computer. The High Flow DMAs are used in the system to maximize the
count rate since they sample at a flow rate 6.7 times greater than that of the more
commonly used TSI 3071 model. Humidity is controlled between approximately 20 and
90% through the use of Nafion tube bundles. However, there are variances in the RH
during times when the plane was engaged in rapid ascent or descent and the instruments
had to adjust to rapid pressure and temperature change. Lastly, the computer was used
to regulate the system and record the data.

Analysis of the growth factor distributions collected by this system allows us to
characterize the mixing state of the size-resolved aerosol. Cloud droplet concentration
for both internally and externally mixed aerosols is dependent upon the peak
supersaturation of the cloud. The sensitivity of cloud droplet concentration to aerosol
mixing state is dependent upon that supersaturation as well as the aerosol size
distribution.

2.4. Optical Thickness and Cloud Albedo
According to Seinfeld and Pandis (1998), the relation between cloud optical

thickness and cloud drop number concentration is
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where 7. is the optical thickness of the cloud, 4 is the actual thickness of the cloud, L is
the liquid water content of the cloud, N is the cloud droplet number concentration, and
Pw 1s the density of water. This calculated optical thickness is related to cloud albedo

through

e - V30—,
©244301-9)r,
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where R, is the cloud albedo and g is the so-called asymmetry factor that is the solid
angle average of cos@ weighted by the phase function (Hansen and Pollack, 1970),
which is a measure of the degree of forward scattering. Since cloud droplets are much
larger than the wavelength of visible light and by assuming a g value of 0.85 (Seinfeld &
Pandis, 1998), equation 7 can be simplified to

T
- 8
CT.+7.7 ®

The albedo of into which the measured aerosol is introduced can be estimated using
these equations. The cloud albedo for internally and externally mixed aerosols are then

compared.
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3. DATA ANALYSIS

Using software I developed for this project, data charts were created relating
particle number concentration (DN/DlogSc) to equally spaced Sc bins (120 bins for
scans with 60 counts and 100 bins for scans with 50 counts) for several particle
diameters (um): 0.040, 0.059, 0.086, 0.126, 0.186, 0.273, and 0.400. The initial plots
were quite “noisy” and needed to be smoothed in order to establish the general trends
within the distributions. Once smoothed, the distributions were categorized as either
internally or externally mixed, based upon the number of peaks in the distributions. If a
distribution has multiple peaks, then it is categorized as externally mixed, where the
peak associated with the lowest Sc results from the most hygroscopic particles of that
size and the additional peak(s) correspond to decreasing hygroscopicity. Those
distributions containing a single peak were categorized as internally mixed.
3.1. General Observations & Comparisons Across All Scans

A review of the data suggests that while most scans (64 out of the 87 scans
analyzed) indicate internal mixtures and contained single peak distributions, a small, not
still important, number of distributions possessed multiple peaks. Figure 4 is an example
of a distribution reflecting an internally mixed aerosol. It is evident that the distributions
shift towards higher Sc with decreasing particle size, as is expected since the solute
content of a particle varies with size. At the time the data were collected, there were
many natural and anthropogenic aerosol influences, including forest fires, dust storms,
and biomass burning to name a few. Figure 5 provides an example of a distribution

reflective of an external mixture with multiple peaks in the distributions for particle sizes
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0.040 wm, 0.059 um, and 0.086 wm. The multiple peaks result from particles of the
same size originating from two or more different sources. With the exceptions of April
14™ Scan #1, April 12" Scan #11, and April 8" Scan #3 (Figures 6 through 8), all of
those measurements for which the aerosol was categorized as externally mixed were of
particles larger than 0.086 um. All of the exceptions listed above are for Dp = 0.126
um. This pronounced size-dependence may be an inherent attribute of the sampled
aerosols, where the larger particles have been processed to a greater extent, which results
in more uniform composition. Alternatively, the smoothing algorithm may have
contributed to the apparent size-dependence by rounding-off the perturbations in the
distributions of the larger particles.

In general, the Sc at the peak of the distributions was inversely related to Dp as
expected for particles of uniform composition. However, there are a few exceptions
(Figures 9 and 15) where larger particles had a higher Sc than some smaller particles.
(Note: this was not observed for particles 0.186 um and larger). This reversal reflects an
increase in hygroscopicity with decreasing size, which may result from differing sources
of particles within different size modes.

There are also several graphs where the distribution for a particular size seems to
dwarf the other distributions. This is demonstrated in Figures 10 and 11, where the
distribution for Dp = 0.040 wm peaks at a DN/DlogSc value near 4,200,000 (observed in
Figure 10) while the other distributions peak under 12,000 (observed in Figure 11).

These distributions could have resulted from the passage of the CIRPAS aircraft through
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the exhaust plume left by this, or another, aircraft, or by passing through a ship track
where highly concentrated aerosols are found in the atmosphere.

Because dust particles were most concentrated in the free troposphere where
overall particle concentrations were lowest, an anticorrelation between predicted CCN
concentration and large particle concentration was typically observed. Several scans in
this study demonstrate this effect, where large number concentrations of large particles
resulted in lowered albedo values. Of the 6 scans where significant distributions of large
particles can be observed, 5 were associated with reduced albedo. An example is given
in Figure 14 where a significant peak in the 0.400 um particles is evident. Scans before
and after this scan had predicted cumulus cloud albedo in the 0.70’s and stratus albedo in
the upper 0.20’s, while the predicted cloud albedo for the aerosol measured during this
scan was 0.69 and 0.21 for cumulus and stratus clouds, respectively. However, there is
also one case where high concentrations of large particles are observed with little or no
change in albedo between scans (Figure 15). Here, the cumulus and stratus cloud albedo
are 0.75 and 0.28 respectively, while the scans before and after also have values in the
mid-0.70’s and upper 0.20’s.

3.2. Daily Observations

Three types of comparisons were made using the distributions and the altitudes at
which those distributions were recorded: 1) comparing scans within each atmospheric
layer from one scan to the next during each day, 2) comparing the aerosols within given

layers measured on different days, and 3) comparing all measurements made throughout
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the atmospheric layers for a given day. As stated earlier, three atmospheric layers are
identified for these comparisons.

Ranges in Sc for each of the dry sizes (Dp) sampled are given in Tables 20
through 22 for the boundary, pollution, and free troposphere layers respectively. These
data show a general decrease in Sc with increasing particle size and an increasing range
in Sc with decreasing size.

3.2.1. Comparing Scans Within Each Atmospheric Layer From One Scan to the
Next During Each Day

A few general observations can be made by comparing scans from the same
atmospheric layer on the same day. The first observation is made when comparing scans
within the boundary layer. Observed increases in Sc values coupled with dramatic
increases in particle concentrations near the top of the boundary layer indicate the
possibility of an elevated pollution layer. This can be observed within the April 19" B
scan #s 1 and 4 (see Figures 18 and 19) with the 0.040 pm particle distributions. This
elevated pollution layer appears to dissipate during the day, as afternoon scans exhibit a
decrease in 0.040 pum particle concentrations. However, these measurements were made
at a lower altitude (<100 meters), which may have been below the elevated pollution
layer.

The second observation is that when comparing scans within the pollution layer,
as the sampling altitude approaches 1200 meters, both particle concentration and Sc

increase. It is also observed that aerosols tend to be externally mixed at that elevation
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with internally mixed aerosols above and below. Such an external mixture can be seen
in Figure 7 for 0.059 pm in particular.

The third observation is that there were generally lower concentrations in the free
troposphere layer. This is expected as wet scavenging of the aerosol depletes the
concentration injected into the free troposphere. Although dust concentrations were
often highest in the free troposphere, the impact on overall number concentration was
relatively small. It is possible that particles smaller than the minimum size measured
were present at high concentration in the free troposphere, although these smaller
particles would have little impact on cloud microphysics.

3.2.2. Observing Each Layer One Day to the Next Sampled Day

Within the boundary layer, as described earlier, there existed an elevated
pollution layer, with 0.040 um particles being the most concentrated. The more
concentrated aerosol sampled in this layer was typically less hygroscopic, which caused
a shift towards higher Sc in the inferred distributions. Furthermore, most of the
distributions were multimodal, suggesting the aerosol was externally mixed. Above and
below this layer, lower particle concentrations and relatively lower Sc values were
observed.

The pollution layer was observed to be most concentrated around 1,000 to 1,200
meters in altitude at the beginning of the sampling period. Later in the intensive period,
this layer shifted up to 1400+ meters by April 19" and was no longer observed after
April 23", as indicated by lowered particles concentrations. The concentrations of 0.04

and 0.059 pm particles were highest in this layer.
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3.2.3. Observing/Comparing All Scans Taken and Considered Throughout
the Atmospheric Layers for a Given Day

Because the aircraft would often fly close to the boundaries of the different layers
observed, it was difficult to quantify spatial variability.
3.3. Cumulus Versus Stratus Cloud Optical Thickness and Albedo

Predicted optical thickness for cumulus clouds was calculated using Equation (6)
above, where L = 1.0 g/em’, py = 1.0x10° g/em®, h = 1,000 m, N = the CCN
concentration inferred for that particular scan, and the peak supersaturation was assumed
to be 0.5% (Seinfeld & Pandis 1998; Riihimaki 2001). For stratus clouds, it was
assumed L = 0.3 g/cm3, Pw = 1.0x10° g/cm3, h = 300 m, and the peak supersaturation
was 0.05%. Equation (8) was then used to calculate cloud albedo for both types of
clouds. The majority of the scans yielded optical cloud thicknesses under 20 for stratus
clouds (94.6%) and > 20 for cumulus clouds (56.5%) with 15 scans yielding values over
100 (see Table 6). The data also have a larger spread across the optical thicknesses for
cumulus clouds, ranging from 7 to 328, while that for stratus clouds ranged from 1 to 44.

Cloud albedos were calculated using the optical thickness values calculated
previously and Equation (8) above. These values, along with optical cloud thickness and
internally mixed/externally mixed classifications, are given in Tables 7 through 17 for
each of the days data were collected for this study. The predicted albedos ranged from
48% to 98% for cumulus clouds and 11% to 85% for stratus clouds. When compiled
into a frequency chart (Table 18), it is apparent that there is a higher frequency (34.8%)

of low stratus albedos (< 0.30) and a higher frequency (69.6%) of high cumulus albedos
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(> 0.70). Since cloud albedo is a function of several cloud properties, including
thickness and liquid water content, cumulus clouds, which typically have greater vertical
extent, are thicker, and have higher liquid water contents, would inherently have higher
albedos than stratus clouds.

When the frequency chart is split into internally and externally mixed scans, a
couple observations can be made: a) cumulus cloud albedos for both scenarios still have
a higher frequency of higher values, and b) stratus cloud albedos for an internally mixed
aerosol tend to be low (< 0.3) while those for externally mixed aerosols tend to be higher
(between 0.5 and 0.8). This is consistent with the study performed by Hobbs et al.
(1980), where they also found that stratus clouds were affected more than cumulus
clouds when observing CCN and droplet concentrations in clouds near coal power
plants. Their measured increase in cloud droplet concentration would have also
increased the cloud albedo.

For this study, scans on April 12™ and 14" yielded very high concentrations and
accounted for most of the externally mixed samples (Figures 16 and 17). On April 12",
the average optical thicknesses for cumulus and stratus clouds were 93.1 and 12.5.
When compared to the average of all the scans in the study, these values were almost
50% higher for both cloud types. However, when comparing cloud albedos, there is a
dramatic difference; the increase for cumulus cloud albedo was 13.8%, while that for
stratus clouds was 34.0%. For April 14th, similar results were obtained, where cloud

optical thicknesses increased by about 60% for both cloud types and stratus cloud albedo
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was affected more, with an increase of 45.7% compared to the increase for cumulus

clouds of 18.6%.



19

4. SUMMARY

Using the properties of the aerosol types listed in Table 1, data tables were
created relating supersaturations of particles composed of those compounds to relative
humidity and growth factor. Aerosol data collected in the vicinity of Japan during ACE-
Asia were used in conjunction with these tables to create graphs of differential CCN
number concentration versus critical supersaturation. In order to compare one graph to
the next, each set of distributions was interpolated onto bins of equally-spaced critical
supersaturations and smoothed to reduce noise in the data. The general trends in the
distributions were then analyzed and the sampled aerosols were classified as either
internally or externally mixed. Lastly, optical depths and albedos of clouds into which
the measured aerosol was introduced were calculated for stratus and cumulus clouds to
determine any correlations between the mixing states of the aerosols and the resulting
cloud albedos.

While the aerosol measured during a majority of the scans was identified as
internally mixed, there were enough external mixtures to evaluate the distinction
between the two:

a) External mixtures tended to be associated with higher particle concentrations.

The higher concentrations were likely a result of pollution from nearby
sources and, with a relatively short exposure time to atmospheric mixing,
would yield an external mixture.

b) External mixtures were only observed for distributions of particles smaller

than 0.186 um. The larger particles were either pure salts, internal mixtures,
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or were external mixtures with very small perturbations in their distributions
that the smoothing algorithm smoothed over.

c) Daily observations identified two distinct pollution layers: one elevated
within the boundary layer and the other in a frequently observed pollution
layer located between 1,000 and 1,400 m above the surface.

d) External mixtures yielded the highest predicted cloud albedo.  This
relationship is largely the result of an observed increased total concentration
associated with external mixtures.

e) Stratus clouds that would form on externally mixed aerosols would be
expected to have higher cloud albedos than those associated with internally
mixed aerosols, whereas there was little difference in the two for cumulus
clouds.

These results are consistent with previous studies; larger aerosol particles yield increased
cloud albedos and affect stratus clouds to a greater extent than cumulus clouds.

To further our understanding of the various impacts of mixing state, determining
the origins of the aerosols could lead to identification of aerosol migration patterns,
dispersion rates, and removal rates in the vicinity of Japan. Using simpler, normalized
distributions to identify internally/externally mixed aerosols would result in a more

accurate distinction between the two and strengthen the correlations made here.
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Table 1. Shown here are the polynomial coefficients for water activities and densities

that were used in the Kohler Equation for the compounds/species considered. (From

Tang and Munkelwitz, 1994; Tang, 1996; Tang et al., 1997)

NH4NO;

(NH4),SOs NHsHSO4 NaCl H,SO4

x, % 0-78 0-97 0-45 --- ---

C -2.715 (-3)* -3.050 (-3) -6.366 (-3) -5.196 (-3)  -3.650 (-3)
C 3.113(-5) -2.940(-5) 8.624(-5) 9.746(-5) -9.155 (-6)
Cs -2.336 (-6) -4.430(-7) -1.158 (-5) -9.693 (-6)  -2.826 (-7)
Cs 1.412 (-8) --- 1.518 (-7)  9.405 (-8) 0

A 5920(-3) 5.870(-3) 7.410(-3) 7.367(-3) 4.050(-3)
A -5.036 (-6) -1.890 (-6) -3.741(-5) -4.934(-5) 9.000 (-6)
A; 1.024 (-8)  1.763 (-7)  2.252 (-6) 1.754 (-6) 0

Ay --- --- -2.060 (-8) -1.104 (-8) 0
Density 1.76 1.78 2.165 1.83 1.725

* Read —2.715 x 10°°
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Table 2. This table is an example of the charts used by the program RunFirst.f. It

contains all the possible minimum critical supersaturation values for the salts considered

in Table 1 given relative humidity and growth factor for particles of size Dp = 0.040pum.

Growth Factor (%)

80

Minimum Critical Supersaturations: Dp = 0.040
(corresponding to a given growth factor and relative humidity)

81

82

83

84

Relative Humidity (%)

85

86

87

88

89

90

91

92

93

94

95

96

1.00)

0.0055

0.0055

0.0055

0.0055

0.0055

0.0055

0.0055

0.0055

0.0055

0.0055

0.0055

0.0055

0.0055

0.0055

0.0055

0.0055

0.0055

1.03}

0.0055

0.0076

0.0132

0.0136

0.0141

0.0146

0.0151

0.0155

0.0159

0.0166

0.0171

0.0177

0.0183

0.0189

0.0196

0.0203

0.0211

1.06}

0.0055

0.0076

0.0103

0.0106

0.0110

0.0114

0.0118

0.0122

0.0126

0.0130

0.0134

0.0139

0.0144

0.0149

0.0154

0.0160

0.0167

1.09)

0.0055

0.0076

0.0088

0.0092

0.0095

0.0098

0.0101

0.0105

0.0108

0.0112

0.0116

0.0120

0.0124

0.0129

0.0134

0.0139

0.0144

1.12

0.0055

0.0076
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0.0088
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1.15)
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0.0068
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1.24]

0.0055

0.0076
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Table 3. This table is an example of the charts used by the program RunFirst.f. It

contains all the possible maximum critical supersaturation values for the salts considered

in Table 1 given relative humidity and growth factor for particles of size Dp = 0.040pm.

Growth Factor (%)

1.00)
1.03)
1.0}
1.09)
1.12
1.19)
1.18)
1.21

80

Maximum Critical Supersaturations: Dp = 0.040
(corresponding to a given growth factor and relative humidity)

81

82

83

84

85

Relative H
86

87

88

umidity (%)

89

90

91

92

93

94

95

96

0.0117

0.0117

0.0117

0.0117

0.0117

0.0117

0.0117

0.0117

0.0117

0.0117

0.0117

0.0117

0.0117

0.0117

0.0117

0.0117

0.0117

0.0280

0.0283

0.0283

0.0289

0.0292

0.0295

0.0299

0.0302

0.0306

0.0310

0.0315

0.0319

0.0324

0.0329

0.0336

0.0343

0.0352

0.0217

0.0220

0.0223

0.0225

0.0229

0.0233

0.0236

0.0240

0.0244

0.0248

0.0253

0.0257

0.0263

0.0268

0.0276

0.0284

0.0293

0.0182

0.0185

0.0187

0.0190

0.0193

0.0193

0.0198

0.0203

0.0207

0.0211

0.0216

0.0220

0.0226

0.0231

0.0239

0.0247

0.0257

0.0158

0.0161

0.0163

0.0166

0.0169

0.0172

0.0175

0.0178

0.0182

0.0186

0.0190

0.0195

0.0200

0.0206

0.0213

0.0221

0.0231

0.0141

0.0143

0.0146

0.0148

0.0151

0.0154

0.0157

0.0160

0.0163

0.0167

0.0171

0.0175

0.0180

0.0186

0.0193

0.0202

0.0211

0.0128

0.0130

0.0132

0.0135

0.0137

0.0140

0.0142

0.0145

0.0149

0.0152

0.0156

0.0160

0.0164

0.0171

0.0178

0.0185

0.0194

0.0117

0.0119

0.0122

0.0124

0.0126

0.0128

0.0131

0.0134

0.0137

0.0140

0.0144

0.0148

0.0152

0.0158

0.0165

0.0172

0.0181

1.244 0.0109
1.270 0.0101

1.30)
1.33)
1.36)
1.39)
1.42
1.45)
1.48
1.51

0.0111

0.0112

0.0114

0.0117

0.0119

0.0121

0.0124

0.0127

0.0130

0.0133

0.0137

0.0142

0.0147

0.0154

0.0161

0.0170

0.0103

0.0105

0.0107

0.0109

0.0111

0.0113

0.0116

0.0116

0.0122

0.0125

0.0128

0.0133

0.0138

0.0145

0.0152

0.0160

0.0095

0.0097

0.0098

0.0100

0.0102

0.0104

0.0106

0.0109

0.0111

0.0114

0.0117

0.0121

0.0125

0.0131

0.0137

0.0143

0.0151

0.0090

0.0091

0.0093

0.0094

0.0096

0.0098

0.0100

0.0103

0.0105

0.0108

0.0111

0.0114

0.0119

0.0124

0.0129

0.0136

0.0144

0.0085

0.0086

0.0088

0.0089

0.0091

0.0093

0.0095

0.0097

0.0100

0.0102

0.0105

0.0108

0.0113

0.0118

0.0123

0.0130

0.0137

0.0080

0.0082

0.0083

0.0085

0.0087

0.0088

0.0090

0.0092

0.0095

0.0097

0.0100

0.0103

0.0107

0.0112

0.0118

0.0124

0.0131

0.0077

0.0078

0.0079

0.0081

0.0083

0.0084

0.0086

0.0088

0.0090

0.0093

0.0095

0.0099

0.0102

0.0107

0.0112

0.0118

0.0126

0.0073

0.0074

0.0076

0.0077

0.0079

0.0080

0.0082

0.0082

0.0086

0.0089

0.0091

0.0094

0.0098

0.0103

0.0108

0.0114

0.0121

0.0070

0.0071

0.0073

0.0074

0.0075

0.0077

0.0079

0.0081

0.0083

0.0085

0.0087

0.0091

0.0094

0.0099

0.0104

0.0109

0.0116

0.0067

0.0068

0.0070

0.0071

0.0072

0.0074

0.0076

0.0077

0.0079

0.0081

0.0084

0.0087

0.0091

0.0095

0.0100

0.0105

0.0112

1.541 0.0064
1.57] 0.0062

1.60)
1.63)
1.66)
1.69)

0.0066

0.0067

0.0068

0.0070

0.0071

0.0073

0.0074

0.0076

0.0078

0.0081

0.0084

0.0087

0.0091

0.0096

0.0102

0.0108

0.0063

0.0064

0.0066

0.0067

0.0068

0.0070

0.0072

0.0073

0.0075

0.0078

0.0081

0.0084

0.0088

0.0093

0.0098

0.0104

0.0060

0.0061

0.0062

0.0063

0.0064

0.0066

0.0067

0.0069

0.0071

0.0073

0.0075

0.0078

0.0081

0.0085

0.0090

0.0095

0.0101

0.0058

0.0059

0.0060

0.0061

0.0062

0.0064

0.0065

0.0067

0.0068

0.0070

0.0072

0.0075

0.0079

0.0082

0.0087

0.0092

0.0098

0.0056

0.0057

0.0058

0.0059

0.0060

0.0061

0.0063

0.0064

0.0066

0.0068

0.0070

0.0073

0.0076

0.0080

0.0084

0.0089

0.0095

0.0055

0.0055

0.0056

0.0057

0.0058

0.0059

0.0061

0.0062

0.0064

0.0066

0.0068

0.0071

0.0074

0.0077

0.0082

0.0086

0.0092

1.724 0.0000

1.79)
1.78
1.81

0.0053

0.0054

0.0055

0.0056

0.0058

0.0059

0.0060

0.0062

0.0064

0.0066

0.0069

0.0072

0.0075

0.0079

0.0084

0.0089

0.0000

0.0051

0.0052

0.0053

0.0055

0.0056

0.0057

0.0058

0.0060

0.0062

0.0064

0.0067

0.0070

0.0073

0.0077

0.0081

0.0087

0.0000

0.0000

0.0051

0.0052

0.0053

0.0054

0.0055

0.0057

0.0058

0.0060

0.0062

0.0064

0.0068

0.0071

0.0075

0.0079

0.0085

0.0000

0.0000

0.0000

0.0050

0.0051

0.0053

0.0054

0.0055

0.0057

0.0058

0.0060

0.0062

0.0066

0.0069

0.0073

0.0077

0.0082

1.84] 0.0000
1.874 0.0000

1.90)
1.93)
1.96)
1.99)

0.0000

0.0000

0.0000

0.0000

0.0051

0.0052

0.0054

0.0055

0.0057

0.0058

0.0060

0.0063

0.0067

0.0071

0.0075

0.0080

0.0000

0.0000

0.0000

0.0000

0.0000

0.0051

0.0052

0.0053

0.0055

0.0057

0.0059

0.0061

0.0063

0.0069

0.0073

0.0078

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0036

0.0051

0.0052

0.0054

0.0055

0.0057

0.0059

0.0062

0.0067

0.0071

0.0076

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0036

0.0051

0.0052

0.0054

0.0056

0.0058

0.0060

0.0063

0.0070

0.0075

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0036

0.0037

0.0051

0.0052

0.0054

0.0056

0.0059

0.0062

0.0068

0.0073

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0036

0.0038

0.0051

0.0053

0.0055

0.0057

0.0060

0.0066

0.0071

2,024 0.0000

2.09
2.08)
2.1

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0036

0.0037

0.0039

0.0052

0.0054

0.0056

0.0059

0.0062

0.0070

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0037

0.0038

0.0050

0.0052

0.0055

0.0057

0.0061

0.0068

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0036

0.0037

0.0039

0.0051

0.0053

0.0056

0.0059

0.0067

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0037

0.0038

0.0050

0.0053

0.0055

0.0058

0.0062

2.144 0.0000
2.174 0.0000

2.20)
2.23)
2.26)
2.29

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0036

0.0038

0.0039

0.0051

0.0054

0.0057

0.0061

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0037

0.0039

0.0040

0.0052

0.0056

0.0059

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0036

0.0038

0.0040

0.0051

0.0054

0.0058

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0036

0.0037

0.0039

0.0050

0.0053

0.0057

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0037

0.0038

0.0040

0.0052

0.0056

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0036

0.0038

0.0040

0.0051

0.0055

2.324 0.0000

2.35
2.38
2.41

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0036

0.0037

0.0039

0.0050

0.0054

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0037

0.0039

0.0041

0.0053

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0036

0.0038

0.0040

0.0052

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0036

0.0037

0.0040

0.0051

2.444 0.0000
2.47] 0.0000

2.50]

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0037

0.0039

0.0041

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0036

0.0038

0.0041

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

0.0036

0.0038

0.0040
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Table 4. This table is an example of the charts used by the program RunFirst.f. It

contains all the possible average critical supersaturation values for the salts considered in

Table 1 given relative humidity and growth factor for particles of size Dp = 0.040pm.

Growth Factor (%)

1.00)
1.03)
1.0}
1.09)
1.12
1.15)
1.18
1.21

80%

Average Critical Supersaturations: Dp = 0.040
(corresponding to a given growth factor and relative humidity)

81%

82%

83%

84%

85%

Relative Humidity

86%

87%

88%

89%

90%

91%

92%

93%

94%

95%

96%

0.0093

0.0093

0.0093

0.0093

0.0093

0.0093

0.0093

0.0093

0.0093

0.0093

0.0093

0.0093

0.0093

0.0093

0.0093

0.0093

0.0093

0.0219

0.0226

0.0240

0.0245

0.0249

0.0253

0.0258

0.0262

0.0267

0.0272

0.0278

0.0283

0.0289

0.0296

0.0303

0.0310

0.0318

0.0171

0.0178

0.0186

0.0190

0.0194

0.0198

0.0202

0.0206

0.0211

0.0216

0.0221

0.0226

0.0232

0.0239

0.0245

0.0253

0.0261

0.0145

0.0151

0.0157

0.0160

0.0163

0.0166

0.0171

0.0175

0.0180

0.0184

0.0189

0.0194

0.0200

0.0206

0.0212

0.0220

0.0228

0.0128

0.0134

0.0137

0.0140

0.0143

0.0147

0.0150

0.0154

0.0158

0.0162

0.0167

0.0172

0.0177

0.0183

0.0189

0.0196

0.0204

0.0115

0.0121

0.0123

0.0126

0.0128

0.0132

0.0135

0.0139

0.0142

0.0147

0.0151

0.0155

0.0160

0.0166

0.0172

0.0179

0.0187

0.0105

0.0111

0.0112

0.0114

0.0117

0.0120

0.0123

0.0127

0.0130

0.0134

0.0138

0.0142

0.0147

0.0153

0.0159

0.0165

0.0173

0.0098

0.0103

0.0102

0.0105

0.0108

0.0111

0.0114

0.0117

0.0120

0.0124

0.0128

0.0132

0.0136

0.0142

0.0147

0.0154

0.0161

1.241 0.0091
1.274 0.0086

1.30)
1.33)
1.36)
1.39)

0.0097

0.0096

0.0098

0.0101

0.0103

0.0106

0.0109

0.0112

0.0116

0.0119

0.0123

0.0128

0.0133

0.0138

0.0144

0.0151

0.0087

0.0089

0.0092

0.0094

0.0097

0.0099

0.0102

0.0104

0.0108

0.0112

0.0116

0.0120

0.0125

0.0130

0.0136

0.0143

0.0081

0.0082

0.0084

0.0086

0.0089

0.0091

0.0094

0.0096

0.0099

0.0102

0.0106

0.0109

0.0113

0.0118

0.0123

0.0129

0.0135

0.0077

0.0078

0.0080

0.0082

0.0084

0.0086

0.0088

0.0091

0.0094

0.0097

0.0100

0.0104

0.0107

0.0112

0.0117

0.0122

0.0129

0.0074

0.0074

0.0075

0.0077

0.0079

0.0082

0.0084

0.0086

0.0089

0.0092

0.0095

0.0098

0.0102

0.0106

0.0111

0.0117

0.0123

0.0070

0.0070

0.0072

0.0074

0.0076

0.0078

0.0080

0.0082

0.0085

0.0088

0.0091

0.0094

0.0098

0.0102

0.0106

0.0112

0.0118

1.424 0.0068

1.45
1.48)
1.51

0.0067

0.0069

0.0070

0.0072

0.0074

0.0076

0.0079

0.0081

0.0084

0.0087

0.0090

0.0093

0.0097

0.0102

0.0107

0.0113

0.0065

0.0064

0.0066

0.0067

0.0069

0.0071

0.0073

0.0071

0.0078

0.0080

0.0083

0.0086

0.0090

0.0093

0.0098

0.0103

0.0109

0.0063

0.0060

0.0061

0.0065

0.0066

0.0068

0.0070

0.0072

0.0074

0.0077

0.0080

0.0083

0.0086

0.0090

0.0094

0.0099

0.0105

0.0061

0.0054

0.0056

0.0061

0.0062

0.0065

0.0067

0.0069

0.0072

0.0074

0.0077

0.0080

0.0083

0.0086

0.0091

0.0095

0.0101

1.541 0.0060
1.574 0.0059

1.60)
1.63)
1.66}
1.69)

0.0053

0.0054

0.0055

0.0060

0.0062

0.0063

0.0067

0.0069

0.0071

0.0074

0.0077

0.0080

0.0083

0.0087

0.0092

0.0098

0.0051

0.0052

0.0053

0.0055

0.0060

0.0061

0.0063

0.0067

0.0069

0.0071

0.0074

0.0077

0.0080

0.0084

0.0089

0.0094

0.0057

0.0049

0.0050

0.0052

0.0053

0.0055

0.0056

0.0061

0.0063

0.0067

0.0069

0.0072

0.0074

0.0078

0.0082

0.0086

0.0091

0.0056

0.0048

0.0049

0.0050

0.0051

0.0053

0.0054

0.0056

0.0061

0.0063

0.0067

0.0069

0.0072

0.0075

0.0079

0.0083

0.0089

0.0055

0.0057

0.0047

0.0049

0.0050

0.0051

0.0053

0.0054

0.0056

0.0061

0.0064

0.0067

0.0070

0.0073

0.0077

0.0081

0.0086

0.0055

0.0055

0.0046

0.0047

0.0048

0.0050

0.0051

0.0053

0.0054

0.0056

0.0062

0.0064

0.0068

0.0071

0.0074

0.0079

0.0084

1.724 0.0054

1.79)
1.78
1.81

0.0053

0.0054

0.0046

0.0047

0.0048

0.0050

0.0051

0.0053

0.0055

0.0060

0.0062

0.0065

0.0069

0.0072
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Table 5. This table shows the levels in the atmosphere in which the data for each of the

scans was taken.

Scans Taken in Each Atmospheric Layer

April 8th April 9th April 12th April 14th | April 19th A | April 19th B
Boundary Layer (< 300 m): 1.3 1.3 1,2,7,13 1,7 1,4 1,4
Mid-Troposphere (300 - 2000 m): 4,7 5,8..12,14,15 1 6,10..14 | 3,5,6,9
Free Troposphere (> 2000 m): 7,8 5,6 3,4 8,9 7,8 3
April 23rd | April25th A April 25th B April 28th May 1st
Boundary Layer (< 300 m): 1,10 1 1,5, 11 1,3 1
Mid-Troposphere (300-2000m);|] 5.9 5.7 3,6..9 5,6 3...6
mroposphere (>2000 m): 3 3,4,8,9 4,10 4,7,8 2,7




Table 6. This table shows the number of scans for each group of cloud optical depths.

Number of Scans Per Optical Cloud Depth Category

Cloud Optical Depth:] 1...19 20...49 | 50...100 100+
Cumulus: 34 31 7 15
Stratus: 82 5 0 0
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Table 7. The following table shows the scan numbers, optical thicknesses, albedos, and

mixing states for April 8", 2001.
April 8th Scan Data

Scan #1: Optical Depth: Albedo: Mixing State:
Cumulus: 33 Cumulus: 0.81 Internal
Stratus: 4 Stratus: 0.34 Internal
Scan #2: Optical Depth: Albedo:
Cumulus: 33 Cumulus: 0.81 Internal
Stratus: 4 Stratus: 0.34 Internal
Scan #3: Optical Depth: Albedo:
Cumulus: 16 Cumulus: 0.68 External
Stratus: 2 Stratus: 0.21 External
Scan #7: Optical Depth: Albedo:
Cumulus: 19 Cumulus: 0.71 Internal
Stratus: 3 Stratus: 0.28 Internal
Scan #8: Optical Depth: Albedo:
Cumulus: 24 Cumulus: 0.76 Internal

Stratus: 3 Stratus: 0.28 Internal
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Table 8. The following table shows the scan numbers, optical thicknesses, albedos, and

mixing states for April 9", 2001.

April 9th Scan Data

Scan #1: Optical Depth: Albedo: Mixing State:
Cumulus: 43 Cumulus: 0.85 Internal
Stratus: 6 Stratus: 0.44 Internal
Scan #2: Optical Depth: Albedo:
Cumulus: 45 Cumulus: 0.85 Internal
Stratus: 6 Stratus: 0.44 Internal
Scan #3: Optical Depth: Albedo:
Cumulus: 232 Cumulus: 0.97 Internal
Stratus: 31 Stratus: 0.80 Internal
Scan #4: Optical Depth: Albedo:
Cumulus: 16 Cumulus: 0.68 Internal
Stratus: 2 Stratus: 0.21 Internal
Scan #5: Optical Depth: Albedo:
Cumulus: 21 Cumulus: 0.73 External
Stratus: 3 Stratus: 0.28 External
Scan #6: Optical Depth: Albedo:
Cumulus: 19 Cumulus: 0.71 External
Stratus: 3 Stratus: 0.28 External
Scan #7: Optical Depth: Albedo:
Cumulus: 25 Cumulus: 0.76 Internal

Stratus: 3 Stratus: 0.28 Internal
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Table 9. The following table shows the scan numbers, optical thicknesses, albedos, and

mixing states for April 12", 2001.

April 12th Scan Data

Scan #1: Optical Depth: Albedo: Mixing State:
Cumulus: 87 Cumulus: 0.92 External
Stratus: 12 Stratus: 0.60 External
Scan #2: Optical Depth: Albedo:
Cumulus: 328 Cumulus: 0.98 External
Stratus: 44 Stratus: 0.85 External
Scan #3: Optical Depth: Albedo:
Cumulus: 18 Cumulus: 0.70 Internal
Stratus: 2 Stratus: 0.24 Internal
Scan #4: Optical Depth: Albedo:
Cumulus: 21 Cumulus: 0.73 Internal
Stratus: 3 Stratus: 0.27 Internal
Scan #5: Optical Depth: Albedo:
Cumulus: 42 Cumulus: 0.85 Internal
Stratus: 6 Stratus: 0.42 Internal
Scan #7: Optical Depth: Albedo:
Cumulus: 41 Cumulus: 0.84 Internal
Stratus: 5 Stratus: 0.41 Internal
Scan #8: Optical Depth: Albedo:
Cumulus: 58 Cumulus: 0.88 Internal
Stratus: 8 Stratus: 0.50 Internal
Scan #9: Optical Depth: Albedo:
Cumulus: 41 Cumulus: 0.84 Internal
Stratus: 5 Stratus: 0.41 Internal
Scan #10: Optical Depth: Albedo:
Cumulus: 90 Cumulus: 0.92 External
Stratus: 12 Stratus: 0.61 External
Scan #11: Optical Depth: Albedo:
Cumulus: 118 Cumulus: 0.94 External
Stratus: 16 Stratus: 0.67 External
Scan #12: Optical Depth: Albedo:
Cumulus: 151 Cumulus: 0.95 External
Stratus: 20 Stratus: 0.73 External
Scan #13: Optical Depth: Albedo:
Cumulus: 87 Cumulus: 0.92 External
Stratus: 12 Stratus: 0.60 External
Scan #14: Optical Depth: Albedo:
Cumulus: 104 Cumulus: 0.93 External
Stratus: 14 Stratus: 0.64 External
Scan #15: Optical Depth: Albedo:
Cumulus: 118 Cumulus: 0.94 Internal

Stratus: 16 Stratus: 0.67 Internal
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Table 10. The following table shows the scan numbers, optical thicknesses, albedos, and

mixing states for April 14™, 2001.

April 14th Scan Data

Scan #1: Optical Depth: Albedo: Mixing State:
Cumulus: 107 Cumulus: 0.93 External
Stratus: 14 Stratus: 0.65 External
Scan #7: Optical Depth: Albedo:
Cumulus: 62 Cumulus: 0.89 External
Stratus: 8 Stratus: 0.52 External
Scan #8: Optical Depth: Albedo:
Cumulus: 130 Cumulus:  0.94 External
Stratus: 17 Stratus: 0.69 External
Scan #9: Optical Depth: Albedo:
Cumulus: 131 Cumulus:  0.94 External
Stratus: 18 Stratus: 0.70 External
Scan #10: Optical Depth: Albedo:
Cumulus: 142 Cumulus: 0.95 External
Stratus: 19 Stratus: 0.71 External
Scan #11: Optical Depth: Albedo:
Cumulus: 120 Cumulus: 0.94 Internal
Stratus: 16 Stratus: 0.68 Internal
Scan #12: Optical Depth: Albedo:
Cumulus: 72 Cumulus: 0.90 External
Stratus: 10 Stratus: 0.56 External
Scan #13: Optical Depth: Albedo:
Cumulus: 137 Cumulus:  0.95 External
Stratus: 18 Stratus: 0.71 External
Scan #14: Optical Depth: Albedo:
Cumulus: 154 Cumulus: 0.95 External

Stratus: 21 Stratus: 0.73 External
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Table 11. The following table shows the scan numbers, optical thicknesses, albedos, and

mixing states for April 19", 2001 A.

April 19th A Albedos

Scan #1: Optical Depth: Albedo: Mixing State:
Cumulus: 12 Cumulus: 0.61 Internal
Stratus: 2 Stratus: 0.21 Internal
Scan #3: Optical Depth: Albedo:
Cumulus: 21 Cumulus: 0.73 Internal
Stratus: 3 Stratus: 0.28 Internal
Scan #4: Optical Depth: Albedo:
Cumulus: 21 Cumulus: 0.73 Internal
Stratus: 3 Stratus: 0.28 Internal
Scan #5: Optical Depth: Albedo:
Cumulus: 13 Cumulus: 0.63 Internal
Stratus: 2 Stratus: 0.21 Internal
Scan #6: Optical Depth: Albedo:
Cumulus: 17 Cumulus: 0.69 Internal
Stratus: 2 Stratus: 0.21 Internal
Scan #7: Optical Depth: Albedo:
Cumulus: 19 Cumulus: 0.71 Internal
Stratus: 3 Stratus: 0.28 Internal
Scan #8: Optical Depth: Albedo:
Cumulus: 13 Cumulus: 0.63 Internal
Stratus: 2 Stratus: 0.21 Internal
Scan #9: Optical Depth: Albedo:
Cumulus: 13 Cumulus: 0.63 Internal

Stratus: 2 Stratus: 0.21 Internal
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Table 12. The following table shows the scan numbers, optical thicknesses, albedos, and

mixing states for April 19", 2001 B.

April 19th B Scan Data

Scan #1: Optical Depth: Albedo: Mixing State:
Cumulus: 72 Cumulus: 0.90 External
Stratus: 10 Stratus: 0.56 External
Scan #3: Optical Depth: Albedo:
Cumulus: 11 Cumulus: 0.59 Internal
Stratus: 1 Stratus: 0.11 Internal
Scan #4: Optical Depth: Albedo:
Cumulus: 14 Cumulus: 0.65 Internal

Stratus: 2 Stratus: 0.21 Internal
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Table 13. The following table shows the scan numbers, optical thicknesses, albedos, and

mixing states for April 23", 2001.

April 23rd Scan Data

Scan #1: Optical Depth: Albedo: Mixing State:
Cumulus: 13 Cumulus: 0.63 Internal
Stratus: 2 Stratus: 0.21 Internal
Scan #3: Optical Depth: Albedo:
Cumulus: 15 Cumulus: 0.66 Internal
Stratus: 2 Stratus: 0.21 Internal
Scan #5: Optical Depth: Albedo:
Cumulus: 19 Cumulus: 0.71 Internal
Stratus: 3 Stratus: 0.28 Internal
Scan #6: Optical Depth: Albedo:
Cumulus: 19 Cumulus: 0.71 Internal
Stratus: 3 Stratus: 0.28 Internal
Scan #7: Optical Depth: Albedo:
Cumulus: 22 Cumulus: 0.74 Internal
Stratus: 3 Stratus: 0.28 Internal
Scan #8: Optical Depth: Albedo:
Cumulus: 17 Cumulus: 0.69 Internal
Stratus: 2 Stratus: 0.21 Internal
Scan #9: Optical Depth: Albedo:
Cumulus: 19 Cumulus: 0.71 Internal
Stratus: 2 Stratus: 0.21 Internal
Scan #10: Optical Depth: Albedo:
Cumulus: 20 Cumulus: 0.72 Internal

Stratus: 3 Stratus: 0.28 Internal
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Table 14. The following table shows the scan numbers, optical thicknesses, albedos, and

mixing states for April 25", 2001 A.

April 25th A Scan Data

Scan #1: Optical Depth: Albedo: Mixing State:
Cumulus: 37 Cumulus: 0.83 Internal
Stratus: 5 Stratus: 0.39 Internal
Scan #3: Optical Depth: Albedo:
Cumulus: 7 Cumulus: 0.48 Internal
Stratus: 1 Stratus: 0.11 Internal
Scan #4: Optical Depth: Albedo:
Cumulus: 17 Cumulus: 0.69 Internal
Stratus: 2 Stratus: 0.21 Internal
Scan #5: Optical Depth: Albedo:
Cumulus: 17 Cumulus: 0.69 Internal
Stratus: 2 Stratus: 0.21 Internal
Scan #6: Optical Depth: Albedo:
Cumulus: 19 Cumulus: 0.71 Internal
Stratus: 3 Stratus: 0.28 Internal
Scan #7: Optical Depth: Albedo:
Cumulus: 17 Cumulus: 0.69 Internal
Stratus: 2 Stratus: 0.21 Internal
Scan #8: Optical Depth: Albedo:
Cumulus: 15 Cumulus: 0.66 Internal
Stratus: 2 Stratus: 0.21 Internal
Scan #9: Optical Depth: Albedo:
Cumulus: 13 Cumulus: 0.63 Internal

Stratus: 2 Stratus: 0.21 Internal
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Table 15. The following table shows the scan numbers, optical thicknesses, albedos, and

mixing states for April 25™, 2001 B.

April 25th B Scan Data

Scan #1: Optical Depth: Albedo: Mixing State:
Cumulus: 34 Cumulus: 0.82 Internal
Stratus: 5 Stratus: 0.39 Internal
Scan #3: Optical Depth: Albedo:
Cumulus: 27 Cumulus: 0.78 Internal
Stratus: 4 Stratus: 0.34 Internal
Scan #4: Optical Depth: Albedo:
Cumulus: 15 Cumulus: 0.66 Internal
Stratus: 2 Stratus: 0.21 Internal
Scan #5: Optical Depth: Albedo:
Cumulus: 20 Cumulus: 0.72 Internal
Stratus: 3 Stratus: 0.28 Internal
Scan #6: Optical Depth: Albedo:
Cumulus: 23 Cumulus: 0.75 Internal
Stratus: 3 Stratus: 0.28 Internal
Scan #7: Optical Depth: Albedo:
Cumulus: 21 Cumulus: 0.73 Internal
Stratus: 3 Stratus: 0.28 Internal
Scan #8: Optical Depth: Albedo:
Cumulus: 22 Cumulus: 0.74 Internal
Stratus: 3 Stratus: 0.28 Internal
Scan #9: Optical Depth: Albedo:
Cumulus: 22 Cumulus: 0.74 Internal
Stratus: 3 Stratus: 0.28 Internal
Scan #10: Optical Depth: Albedo:
Cumulus: 13 Cumulus: 0.63 Internal
Stratus: 2 Stratus: 0.21 Internal
Scan #11: Optical Depth: Albedo:
Cumulus: 20 Cumulus: 0.72 Internal

Stratus: 3 Stratus: 0.28 Internal
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Table 16. The following table shows the scan numbers, optical thicknesses, albedos, and

mixing states for April 28", 2001.

April 28th Scan Data

Scan #1: Optical Depth: Albedo: Mixing State:
Cumulus: 34 Cumulus: 0.82 Internal
Stratus: 5 Stratus: 0.39 Internal
Scan #3: Optical Depth: Albedo:
Cumulus: 13 Cumulus: 0.63 Internal
Stratus: 2 Stratus: 0.21 Internal
Scan #4: Optical Depth: Albedo:
Cumulus: 14 Cumulus: 0.65 Internal
Stratus: 2 Stratus: 0.21 Internal
Scan #5: Optical Depth: Albedo:
Cumulus: 21 Cumulus: 0.73 Internal
Stratus: 3 Stratus: 0.28 Internal
Scan #6: Optical Depth: Albedo:
Cumulus: 24 Cumulus: 0.76 Internal
Stratus: 3 Stratus: 0.28 Internal
Scan #7: Optical Depth: Albedo:
Cumulus: 20 Cumulus: 0.72 External
Stratus: 3 Stratus: 0.28 External
Scan #8: Optical Depth: Albedo:
Cumulus: 16 Cumulus: 0.68 Internal

Stratus: 2 Stratus: 0.21 Internal
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Table 17. The following table shows the scan numbers, optical thicknesses, albedos, and

mixing states for May 1%, 2001.

May 1st Scan Data

Scan #1: Optical Depth: Albedo: Mixing State:
Cumulus: 25 Cumulus: 0.76 External
Stratus: 3 Stratus: 0.28 External
Scan #2: Optical Depth: Albedo:
Cumulus: 157 Cumulus: 0.95 External
Stratus: 21 Stratus: 0.73 External
Scan #3: Optical Depth: Albedo:
Cumulus: 17 Cumulus: 0.69 Internal
Stratus: 2 Stratus: 0.21 Internal
Scan #4: Optical Depth: Albedo:
Cumulus: 21 Cumulus: 0.73 Internal
Stratus: 3 Stratus: 0.28 Internal
Scan #5: Optical Depth: Albedo:
Cumulus: 20 Cumulus: 0.72 Internal
Stratus: 3 Stratus: 0.28 Internal
Scan #6: Optical Depth: Albedo:
Cumulus: 19 Cumulus: 0.71 Internal
Stratus: 3 Stratus: 0.28 Internal
Scan #7: Optical Depth: Albedo:
Cumulus: 16 Cumulus: 0.68 Internal

Stratus: 2 Stratus: 0.21 Internal
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Table 18. This is an albedo frequency chart for all the scans combined, indicating the
number of scans that correlate to each range of albedo values. See Figure 11 for a graph

of this chart.

Albedo Frequency Chart

10...19 | 20...29 | 30...39 | 40...49 | 50..59 | 60...69 | 70...79 | 80...89 | 90...100
Cumulus: 0 0 0 1 1 23 31 12 19
Stratus: 2 53 6 5 4 9 6 2 0




45

Table 19. The chart shows the frequency of scan albedos for cumulus and stratus clouds,
for both internally and externally mixed aerosols. For a graphical representation see

Figure 12.

Albedo Frequency Chart - Externally Mixed

10...19 | 20...29 | 30...39 | 40...49 | 50...59 | 60...69 | 70...79 | 80...89 | 90...100

Cumulus: 0 0 0 1 4 1 17

o
o

Stratus: 0 5 0 0 3 7 6 1 0

Albedo Frequency Chart - Internally Mixed

10...19 | 20...29 | 30...39 | 40...49 | 50...59 [ 60...69 | 70...79 [ 80...89 | 90...100

Cumulus: 0 0 0 1 1 21 27 11 3

Stratus: 2 48 6 5 1 2 0 1 0
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Table 20. This table shows the range in Sc values for each of the dry aerosol particle

sizes for the scans taken in the boundary layer (<300 m).

Sc Ranges for Each Dry Particle Size
for the Boundary Layer

Particle Size (Dp): Sc (%):
0.040 0.5-25
0.059 0.28 - 2.0
0.086 0.14-0.9
0.126 0.006 - 0.2
0.186 0.0009 - 0.1
0.273 0.0005 - 0.05
0.400 0.00006 - 0.01
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Table 21. This table shows the range in Sc values for each of the dry aerosol particle

sizes for the scans taken in the pollution layer (300 m to 2,000 m).

Sc Ranges for Each Dry Particle Size
for the Pollution Layer

Particle Size (Dp): Sc (%):
0.040 0.45-1.2
0.059 0.2-1.5
0.086 0.08 - 0.4
0.126 0.008 - 0.22
0.186 0.0005 - 0.2
0.273 0.0001 - 0.19
0.400 0.00005 - 0.18
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Table 22. This table shows the range in Sc values for each of the dry aerosol particle

sizes for the scans taken in the free troposphere layer (>2,000 m).

Sc Ranges for Each Dry Particle Size
for the Free Troposphere Layer

Particle Size (Dp): Sc (%):
0.040 0.45-2.5
0.059 0.25- 1
0.086 0.15-0.5
0.126 0.08-0.4
0.186 0.02-0.2
0.273 0.002 - 0.008
0.400 0.0005 - 0.001
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APPENDIX B

FIGURES
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Figure 1. Mixing states of an aerosol-internal and external mixtures of (NHy4), SOy

and soot. (Seinfeld and Pandis, 1998)
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Figure 2. These are the Kohler curves for each of the substances considered in this

study.
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Figure 3. Schematic of the system mounted on the aircraft used during ACE-Asia.

(From Collins, 2002)
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Differential Number Concentration vs. Critical Supersaturation
April 25B - Scan #9
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Figure 4. This graph of differential number concentration versus critical supersaturation

is indicative of an internally mixed aerosol with single-peak distributions.
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Differential Number Concentartion Versus Critisal Supersaturation
April 12 - Scan #1
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Figure 5. This graph of differential number concentration versus critical supersaturation
is indicative of an externally mixed aerosol with multiple peaks in the distributions for

particles with diameters equal to 0.040um, 0.059um, and 0.086pm.
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Differential Number Concentration Versus Critical Supersaturation
April 8 - Scan #3
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Figure 6. This graph of differential number concentration versus critical supersaturation
is an example of an aerosol sample containing external mixtures for particles equal to
0.126 pum and smaller. The distribution for 0.059 wm particles has the most prevalent bi-

modal distribution.
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Differential Number Concentration Versus Critical Supersaturation
April 12 - Scan #11

600000

500000
400000 / Dp = 0.040
— Dp=0.059
r.é Dp = 0.086
1_‘; 300000 —Dp=0.126
£ — _Dp=0.186
, — _Dp=0273
00000 —_Dp=0.400

100000

0

0 0.005 0.01 0.015 0.02 0.025 0.03
Sc

Figure 7. Same as Figure 6, with the 0.059 um particle distribution remaining the most

prevalent.
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Differential Number Concentration Versus Critical Supersaturation
April 14 - Scan #1
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Figure 8. Same as Figure 6 with 0.040 wm particle distribution becoming the most

prevalent.
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Differential Number Concentration Versus Critical Supersaturation
May 1 - Scan #7
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Figure 9. This graph shows the exception to most analyzed in this study, where the peak
in a larger particle distribution correlates to a higher Sc than some smaller particles. In
this example, the 0.059um distribution peaks at 0.0023 while the 0.086um distribution
peaks at 0.004 and the 0.126pum distribution peaks at 0.0025.
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Differential Number Concentration Versus Critical Supersaturation
April 9 - Scan #3a
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Figure 10.  This graph of differential number concentration versus critical

supersaturation demonstrates a dominant distribution. In this case, the distribution for
0.040 um particles far exceeds the others peaking with counts near 4,200,000, while the
other distributions peak below 12,000 counts (see Figure 11).
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Differential Number Concentration Versus Critical Supersaturation
April 9 - Scan #3b
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Figure 11.  This graph of differential number concentration versus critical

supersaturation shows the less dominant distributions for Figure 10. The 0.059 and
0.086 um distributions show slightly bi-modal distributions, while the others appear

more uni-modal.
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Albedo Frequency Chart
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Figure 12. This graph displays the frequency of scans for each grouping of albedo
values for both cumulus and stratus clouds. See Table 18 for the associated data chart.
Clearly shown is a tendency for cumulus albedos to be high and stratus albedos to be

low. (Note: 1 represents values 10-19, 2 represents 20-29, etc.)
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Albedo Frequency Chart:
Internally Vs. Externally Mixed Aerosols
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Figure 13. This graph displays the frequency of scans for each grouping of albedo
values for cumulus and stratus clouds, both internally mixed and externally mixed
scenerios. See Table 19 for the associated data chart. Both internally and externally
mixed cumulus cloud albedos tend to be > 50, while there is a shift in the stratus cloud
albedos from low values associated with internal mixtures to greater frequency of high
values associated with external mixtures. (Note: 1 represents values 10-19, 2 represents

20-29, etc.)
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Differential Number Concentration Versus Critical Supersaturation
April 23 - Scan #8
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Figure 14. This graph of differential number concentration versus critical

supersaturation shows a significant distribution of large (Dp = 0.400 wm) particles that

resulted in a reduced cloud albedo values.
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Differential Number Concentration Versus Critical Supersaturation
April 25B - Scan #6
20000
18000
16000
14000 ——Dp=0.040
o 12000 —Dp=0.059
[} Dp = 0.086
2 10000 -~ Dp=0.126
2 — Dp=0.186
el
8000 — Dp=0.273
6000 —Dp = 0.400
4000
2000
0
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014
Sc
Figure 15. This graph of differential number concentration versus critical

supersaturation shows a significant distribution of large (Dp = 0.400 wm) particles that
did not result in reduced cloud albedo values, as in Figure 14. This particular scan also

has 0.059 pum particles with higher Sc values than 0.040 pm particles.
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Differential Number Concentration Versus Critical Supersaturation
April 12 - Scan #11
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Figure 16.  This graph of differential number concentration versus critical

supersaturation shows an external mixture for the 0.059 um particles with very high

count values across all the particles sizes. This resulted in high cloud albedo values.



65

Differential Number Concentration vs. Critical Supersaturation
April 14 - Scan #9
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Figure 17. Same as Figure 16, except on a different date. The noise in the data for this
plot is also observed to be much higher indicated by the multitude of peaks in the

distributions.
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Differential Number Concentration vs. Critical Supersaturation
April 19B - Scan #1
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Figure 18. This is the distribution graph for April 19™ B, taken 9:45 am at 162 meters
above sea level. When compared to Figure 19, an elevated pollution layer can be

observed as 0.040 pm particle concentration decreases along with associated Sc values.
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Differential Number Concentration vs. Critical Supersaturation
April 19B - Scan #4
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Figure 19. This is the distribution graph for April 19™ B, taken 11:35 am at 120 meters
above sea level. When compared to Figure 18, an elevated pollution layer can be

observed as particle concentration increases along with associated Sc value
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